We studied the effect of increased cage size on different aspects of bone quality (bone strength, diameter, weight, and length) and fl uctuating asymmetry (FA). Such characteristics may indicate improved animal welfare, as greater bone quality may decrease fracture incidence during handling, whereas decreased FA has been suggested to signal decreased stress. As stress is likely not only infl uenced by the quantity of space, but also by its quality, we also studied the effect of environmental enrichment. Groups of 8 rabbits were housed in wire open-top cages of 0.40, 0.46, 0.53, 0.64, 0.80, 1.07, and 1.60 m 2 from weaning until slaughter. All cages of 0.40 and 0.46 m 2 (12 cages/ size) were left barren to allow suffi cient mobility. Onehalf of the larger cages were enriched with a woodenenrichment structure that could be used to gnaw on, hide in, or lie in (6 cages per size × enrichment treatment). Increased cage size led to an increase in tibiofi bula diameter (P = 0.008), a tendency for increased tibiofi bula weight (P = 0.051), and decreased FA (P = 0.010), suggesting improved welfare. Bone length and strength were not affected by cage size (P > 0.1). Enrichment did not affect FA (P > 0.1), in contrast with our expectations based on previous glucocorticoid analysis. This discrepancy between indicators may be due to sensitivity to other types of stressors or different sensitive periods. In summary, rabbits housed in larger cages had wider, heavier bones, but the absence of changes in bone strength indicate that this is unlikely to result in decreased fracture incidence. In larger cages, FA was lower, suggesting a favorable effect on welfare, whereas no effect of enrichment was shown.
INTRODUCTION
Bone fractures during rearing are rare in meattype rabbits (Martrenchar et al., 2001 ) but occur more frequently during handling (Gondret et al., 2005) . Fracture incidence may be decreased by improving bone quality; increased cage size has been suggested as a way of realizing such a decrease (Dalle Zotte et al., 2009; Combes et al., 2010) . However, cage size and group size covaried in previous studies on rabbit bone quality (Martrenchar et al., 2001; Dalle Zotte et al., 2009; Combes et al., 2010) . Confounding is almost inevitable in space allowance studies, because altering cage size by defi nition entails a change in either stocking density or group size. However, comparing the results of studies in which different combinations of these variables were altered can aid in the detection of the causative factor. Thus, there is a need for studies that evaluate the effect of space allowance by altering factors other than covarying cage size and group size.
Fluctuating asymmetry (FA, random left-right differences in bilateral traits) has been suggested as a measure of stress (Klingenberg, 2003; Nijhout and Davidowitz, 2003) . Tuyttens et al. (2005) found greater FA in rabbits housed in barren high density pens than those in enriched low density pens, suggesting decreased welfare. However, Tuyttens et al. (2005) confounded stocking density with group size, as well as enrichment. Thus, the causative factor again requires further research.
In the present study, stocking density was altered by changing cage size, but not group size, in contrast to previous studies on bone quality and FA. As increased cage size allows for more vigorous locomotion whilst decreasing ear lesions (Martrenchar et al., 2001) , it was expected to improve bone quality and decrease FA. Furthermore, the presence of a wooden enrichment was hypothesized to decrease FA, as previous results showed that our enrichment decreased fecal corticosteroids, indicating decreased stress (Buijs et al., 2011a) .
MATERIALS AND METHODS
All procedures were approved by the ethical committee for the use of animals in research of the Institute for Agricultural and Fisheries Research.
Rabbits (n = 672, dams: New Zealand White × Californian; sires: New Zealand White and Large Butterfl y) were bred at the test facility. At 30 d of age, they were weaned and allotted to the experimental cages. Each cage contained 4 females and 4 males, none of which were siblings. The open-top cages consisted of wire walls and fl oors. Cage length was 1 m and widths were 0.40, 0.46, 0.53, 0.64, 0.80, 1.07, or 1.60 m; thus, stocking densities were 20, 17.5, 15, 12.5, 10, 7.5, and 5 animals/m 2 , respectively. The experiment consisted of 3 replicates and within each replicate 4 cages of each size were used. One-half of the cages of 0.53, 0.64, 0.80, 1.07, and 1.60 m 2 were enriched with a wooden structure consisting of 2 side walls (40 × 20 cm, length × height) joined by a fl oor board (40 × 20 cm, length × width. The structure could be used as a shelter, gnawing substrate, and as a way to avoid contact with the wire fl oor. None of the 0.40-and 0.46-m 2 cages were enriched, because the wooden structure would have impeded movement severely in these smaller cages. Food (a commercial fattening rabbit diet) and water were provided for ad libitum intake. Dead animals were replaced throughout the fi rst 2 wk of the fattening period. No animals were replaced in the later weeks to avoid further disturbance of the groups, but mortality was generally low (1.8% over the entire experimental period). Mortality did not differ among the treatments and there were never less than 7 animals present in any cage. At 76 d of age, the animals were slaughtered, using electrical stunning followed by exsanguination. The tibiofi bulae and feet were separated from the rest of the carcass and all carcass parts were frozen at -20°C until analysis.
Bone Quality
For the measurement of shear strength on defrosted bones, we used the left and right tibiofi bulae of 2 males and 2 females selected randomly from each cage (336 individuals in total). The tibiofi bulae and feet were allowed to thaw overnight in a plastic bag (to prevent dehydration). When fully thawed, the fl esh was dissected from the tibiofi bula, but the foot was left unfl eshed and attached to aid in a consistent orientation of the tibiofi bula in the shear apparatus. Subsequently, shear force was determined using a Mecmesin BFG 200N force gauge (Mecmesin, Slinfold, UK) at a speed of 12 mm/min. The maximum shear force until initial structural failure (i.e., the breaking of the bone) was recorded (ASAE, 2004) .
Measurements on boiled bones were made on the left and right tibiofi bulae of the remaining 2 males and 2 females from each cage in replicate 2 and 3 (224 individuals in total). Frozen tibiofi bulae and feet were immerged for 15 min in 95ºC water, defl eshed immediately afterward at which point the feet were removed, and subsequently left to dry for 24 h at room temperature. Bone weight, length, and diameter (measured next to the attachment between the tibia and fi bula) were determined and subsequently a shear test was performed, as described above.
Fluctuating Asymmetry
Fluctuating asymmetry measurements were made on all animals from the fi rst and third replicates (448 in total). Carcasses were fi rst immerged in 65°C water with 60 g/L NaBO 3 .4H 2 O for 24 h. Afterward, loose fl esh was removed from the skull, lower jaw, shoulder blade, ulna, pelvis, and thigh bone. These were immerged again in fresh 65°C water with 20 g/L NaBO 3 .4H 2 O for another 24 h. Then, all soft tissue was removed from the bones, followed by oven drying for 24 h at 65°C. Subsequently, 11 characters were measured, twice on the left and twice on the right side, using digital calipers. These 11 characters were: thigh bone width and length, ulna length, total pelvis length, mid pelvis length, snout width, eye width, cheekbone width, jaw length, acromion width, and shoulder blade length ( Figure 1 ). All measurements were collected blindly (i.e., the experimenter was unaware of the treatment and previous measurement results while measuring) and made by the same experimenter.
Statistical Analysis
Bone quality was analyzed using a mixed linear model. Because of the unbalanced test setup (i.e., no enriched cages of 0.40 and 0.46 m 2 were included), the enrichment effect was analyzed in a subset of the data including cages >0.46 m 2 only. The model included enrichment, cage size, sex, and their 2-way interactions as fi xed factors, and cage and individual (within cage) as random factors. By incorporating these random factors, measurements on animals from the same cage were treated as repeated measures on the same statistical unit (i.e., the cage). Subsequently, the effect of cage size and sex were evaluated using the complete data set. The model was the same as described above, except that enrichment was omitted from the model. Pair-wise comparisons between least squares means were added to identify a possible critical density, as previous research indicates that stocking density may only affect rabbits if >16 animals/m 2 (Morisse and Maurice, 1997) .
Unbiased estimates of FA were obtained from a mixed regression model (see Van Dongen et al., 1999, for details) . Such unbiased estimates are corrected for directional asymmetry (DA, a type of asymmetry not generally considered to be an indicator of stress; Klingenberg, 2003) . This mixed regression model also yielded the signifi cance of DA and signal:noise ratio (i.e., FA/measurement error). The signifi cance of FA was tested using a likelihood ratio test (Van Dongen et al., 1999) . The presence of antisymmetry was determined based on the kurtosis values of the signed unbiased FA estimates, with negative values indicating antisymmetry. All characters showed signifi cant FA and had signal:noise ratios >1, whereas none showed antisymmetry (Table 1) . Therefore, all characters were subsequently included in the calculation of a composite FA index. This composite FA index was calculated by standardizing the unsigned, unbiased FA estimates of the separate characters to a mean of 0 and an SD of 1. Treatment effects on the composite FA index were determined, as described previously, for the bone quality measurements.
RESULTS
Cage size affected several variables. Bone diameter increased signifi cantly with cage size (P = 0.008, Table 2 ) and was 3.1% greater in the largest as compared with the Figure 1 . The rabbit characters measured for fl uctuating asymmetry. 1 = thigh bone width, 2 = thigh bone length, 3 = ulna length, 4 = total pelvis length, 5 = mid pelvis length, 6 = snout width, 7 = eye width, 8 = cheekbone width, 9 = jaw length, 10 = acromion width, 11 = shoulder blade length smallest cages. Bone weight tended to increase with cage size (P = 0.051), being 3.6% greater in the largest than in the smallest cages. Composite FA decreased signifi cantly with increasing cage size (P = 0.010). Shear strength was not affected by cage size (P > 0.1), regardless of the premeasurement treatment (i.e., defrosted or boiled). Neither was bone length (P > 0.1). Inspection of least squares means revealed that none of the variables showed a sudden change at the 2 greatest densities tested (17.5 and 20 animals/m 2 ). Instead, bone diameter and weight were signifi cantly greater in the largest cages (1.6 m 2 or 20 rabbits/m 2 ) than in the smallest cages ( No signifi cant main effects of enrichment or sex, or signifi cant 2-way interactions were found for any of the measured variables (P > 0.1, data not shown).
DISCUSSION
In this study, we hypothesized that increased cage size would lead to improved bone quality and decreased FA, whereas enrichment was expected to decrease FA. In line with our expectations, we found that increased cage size led to a mild increase in bone diameter and a tendency for increased bone weight. However, bone length and strength were not affected. Also in line with our expectations, a composite index showed a decrease in FA with increasing cage size. The gradual changes in bone quality and FA did not support previous suggestions (Morisse and Maurice, 1997 ) that stocking density only affects rabbits when exceeding 16 animals/m 2 . In contrast to our experimental hypothesis, FA was not affected by our enrichment.
The increase in bone weight and diameter that occurred with increasing cage size cannot be attributed to increased BW, as BW was not affected by cage size (Buijs et al., 2011a) . Increases in bone weight and diameter with increased cage size were also found in previous studies, in which cage size was increased at an equal stocking density (Martrenchar et al., 2001; Dalle Zotte et al., 2009 ), although Combes et al. (2010) found no such effect on bone weight. Two of these previous studies also reported increased breaking strength (Dalle Zotte et al., 2009; Combes et al., 2010) , which was not found in the present study or by Martrenchar et al. (2001) . Thus, the specifi c aspects of bone quality that were affected varied among studies. Nevertheless, all studies suggested an improvement in some aspects of rabbit bone quality as cages increased in size. This suggests that bone quality is either improved by increased total cage size, or by decreased stocking density as well as by increased group size. To discern between these 2 options, studies in which stocking density is altered by changing group size while cage size is constant will be necessary.
Increased bone weight and diameter would theoretically be expected to be accompanied by increased bone strength (all other factors remaining equal). However, bone strength depends on many other factors, as well (e.g., bone shape and cortex thickness; Frost, 2001) . Such other factors were not measured in this study and may have counteracted the effects of increased weight and diameter. Alternatively, the changes in weight and diameter may simply have been too small to result in a detectable change in bone strength. The contrast between the signifi cant effect of cage size on bone strength reported by Dalle Zotte et al. (2009) and Combes et al. (2010) , and lack of such an effect in the present study, may be explained by the use of different test protocols. The shear test applied in the present study mainly differs from the bending test used by Martrenchar et al. (2001 ), Dalle Zotte et al. (2009 ), and Combes et al. (2010 in that the fi xtures are closer together. It has been suggested as a more sensitive test, because of its independence of bone length and decreased sensitivity to the orientation of the bone (Combs et al., 1991) . However, results of the present study do not produce further support for this claim, as no difference in bone strength was found, whereas previous studies using the bending test did fi nd such differences (Dalle Zotte et al., Table 1 Combes et al., 2010) . Protocols for measuring bone dimensions and weight used in the previous and present studies were more similar. However, treatment effects on these variables were small (1 to 10%, even when large contrasts in cage size were used; Martrenchar et al., 2001; Dalle Zotte et al., 2009; Combes et al., 2010) , whereas within-treatment spread was considerable. Sources of variation other than cage size affecting 1 specifi c bone quality aspect can thus easily have obscured cage size effects on 1 aspect without affecting another, resulting in differences among studies. It has previously been suggested that improvements in bone quality with increased cage size are caused by increased locomotion (Dalle Zotte et al., 2009; Combes et al., 2010) , as bones respond to greater activity by becoming wider or denser (Gordon, 1989) . Our study does not directly support this hypothesis. Scan sampling of the behavior of the same experimental groups (Buijs et al., 2011b) showed little evidence of behavioral changes with increasing cage size, whereas bone diameter and weight did increase with cage size. However, a scan sampling protocol is unlikely to detect changes in the vigor of locomotion (i.e., whether it includes short-lasting behaviors, such as running and jumping). Running and jumping have previously been reported to increase with cage size (Martrenchar et al., 2001; Postollec et al., 2006) . Such activities are likely to have a greater impact on bone strength than normal locomotion, even if they occur only seldom. This is because mammalian bone strength is predominantly affected by the greatest strains exerted on the bone, with smaller strains having less infl uence, even when more common (Frost, 2001 ). As such, rabbit bone density and diameter may be indicative of the ability to perform such vigorous locomotion during rearing, and thus an indicator of welfare, as rabbits are motivated to perform such behavior (Dixon and Cooper, 2010) . However, further research is needed to confi rm this correlation between bone quality and vigorous locomotion in fattening rabbits, and to assess the strength of the motivation for performing such behavior.
In line with our hypothesis, increased cage size decreased FA. This suggests that decreased stocking density decreases stress levels in fattening rabbits, thus improving welfare. Such a suggestion is supported by previous reports of decreased blood glucocorticoid concentrations (Onbasilar and Onbasilar, 2007) . In contrast, our hypothesis that enrichment would decrease stress, and thus FA, was not substantiated. A similar lack of an effect of enrichment on FA was previously reported for rats (Sørensen et al., 2005) . In contrast, Tuyttens et al. (2005) did fi nd an effect of enrichment on rabbit FA. However, the enrichment used by Tuyttens et al. (2005) was more elaborate and was confounded with increased space per animal. It needs to be noted that our FA analysis contrasts a previously reported analysis of fecal glucocorticoid metabolites conducted in the same experiment. Whilst FA was affected by cage size but not by enrichment, fecal glucocorticoid metabolites were decreased by enrichment but unaffected by cage size (Buijs et al., 2011a) . The opposite results gained from FA and glucocorticoid analysis may mean that these indicators are affected by different types of stressors or they may vary in their sensitivity to the same stressors. This underlines the need to use multiple indices when assessing stress.
The discrepancy between stress levels indicated by FA and glucocorticoids may also result from differences in the time span refl ected by the indicators. Fecal glucocorticoid concentrations refl ect stress levels around the end of the rearing phase (when samples were collected); FA more likely refl ects stress levels throughout the period of skeletal growth. This period includes the entire rearing phase for fattening rabbits (Horner and Drescher, 1992) . It is often assumed that cage size will have its maximum impact on welfare at the end of the rearing phase, when density is maximized due to the increased space taken up by the larger bodies of the older animals (EFSA, 2005) . However, if the discrepancy between stress levels indicated by glucocorticoids and FA does result from the differences in the time span refl ected by the indicators, this would suggest that cage size infl uences stress throughout the rearing phase, rather than specifi cally at the end of the rearing phase.
To conclude, increased cage size led to wider, heavier bones, which may refl ect the greater possibility for vigorous locomotion offered by the larger cages, suggesting a favorable effect on welfare. However, these improvements in bone quality are unlikely to reduce fracture incidence during carcass handling, as no changes in breaking strength were observed. Analysis of FA indicated a favorable effect of increased cage size on welfare, whereas no signifi cant effect of enrichment was shown. 
